The mechanism of apoptosis induced by 2-chloro-2Ј-deoxyadenosine (2CdA) in human leukemia cell line MOLT-4 was investigated. 2CdA induced increases of 3Ј-OH ends of genomic DNA, ladder-like DNA fragmentation and phosphatidylserine translocation to the outer membrane, which are apoptotic characteristics. These apoptotic phenomena induced by 2CdA were inhibited by cycloheximide (CHX; a protein synthesis inhibitor), deoxycytidine (dC; a substrate of deoxycytidine kinase), acetyl Ile-Glu-Thr-Asp aldehyde (Ac-IETD-CHO; a caspase-8 inhibitor) and acetyl Asp-Glu-Val-Asp aldehyde (Ac-DEVD-CHO; a caspase-3 inhibitor). The protein synthesisdependent expression of Fas and Fas ligand (Fas-L) was detected by treatment with 2CdA. The proteolytic processing of procaspases-8 and -3 to produce active fragments, caspases-8 (p18) and -3 (p17), respectively, was observed after treatment with 2CdA, and suppressed by cycloheximide. Increases in the activities of caspases-8 and -3 were observed after 2CdA treatment. Their activation was also dependent on protein synthesis. These results indicated that 2CdA-induced apoptosis was triggered by phosphorylation of 2CdA followed by the protein synthesis-dependent expression of Fas and Fas-L and activation of caspases-8 and -3. Leukemia (2000) 14, 299-306.
Introduction
Halogenated nucleoside derivatives such as 2-chloro-2Ј-deoxyadenosine (2CdA) have been reported to be effective drugs for indolent lymphoproliferative disease. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] However, the mechanism of 2CdA-induced cytotoxity remains unclear. In our previous study, treatment with 2CdA was found to induce DNA double-strand breaks, inhibition of DNA repair and cell death in Chinese hamster V79 cells. [12] [13] [14] Several investigators reported that 2-chloro-2Ј-deoxyadenosine triphosphate (2CdATP), which is formed by phosphorylation of 2CdA by deoxycytidine kinase (dCK), induced a nucleotide pool imbalance, reduction of ribonucleotide reductase activity, decrease of DNA synthesis and increase of DNA double-strand breaks, [13] [14] [15] [16] [17] and these 2CdA-induced events were regarded as candidate causes of the cytotoxity.
Recently, there have been many papers about several anticancer drugs causing apoptotic cell death, 11, [18] [19] [20] [21] and the activation of caspase-3 is widely accepted to be responsible for apoptotic events of DNA fragmentation 22 and proteolytic digestion of poly (ADP-ribose) polymerase and fodrin. 23 In the mechanism of activation of caspase-3, two different pathways, a mitochondria-related apoptotic protease activating factor (Apaf) -mediated pathway and a Fas/Fas-L/caspase-8 (FLICE)-mediated pathway, have been proposed. 20, 21, [24] [25] [26] [27] [28] In the former, three Apafs are considered to play key roles in the actiCorrespondence: M Kuwabara, Laboratory of Radiation Biology, Graduate School of Veterinary Medicine Hokkaido University, Sapporo, 060-0818 Japan; Fax: +81-11-706-7373 Received 10 August 1999; accepted 23 September 1999 vation of caspase-3. Apaf-1 contains a conserved amino acid sequence in its prodomain termed the caspase recruitment domain (CARD), which binds to caspases containing similar CARDs at their NH 2 -termini. By cooperation with cytochrome C (Apaf-2) and dATP, dATP/cytochrome C/Apaf-1/procaspase-9 (Apaf-3) complex is formed and the formation of this complex results in processing and activation of procaspase-9. Active caspase-9 then goes on to cleave procaspase-3, resulting in the production of two fragments, p17 and p10. These two fragments then form a heterotetramer, which comprises the active enzyme. 29, 30 Leoni et al 31 proposed that 2CdA-induced apoptosis was mediated by this Apaf-related pathway because they demonstrated that 2CdATP, instead of dATP, could act as an activator of caspase-3 in a cell-free system. In contrast, our preliminary experiments revealed that the protein synthesis inhibitor cycloheximide (CHX) significantly inhibited 2CdA-induced apoptosis in human leukemia cell line, MOLT-4. If Apafs activated by 2CdATP in the cells are the sole inducer of apoptosis, CHX would seem not to influence 2CdA-induced apoptosis because 2CdA is phosphorylated by constitutive kinase (dCK) and Apafs are also constitutive. As another pathway involved in apoptosis, the transmembrane receptor Fas and Fas ligand (Fas-L) are known to be key regulators of apoptosis. 28 After ligation of Fas with Fas-L, Fas-associating protein with death domain (FADD) binds to the intracellular domain of Fas. Caspase-8 is then activated by binding with the FADD. Activated caspase-8 further activates caspase-3 in the downstream of the protease cascade. Recent reports demonstrated that various anticancer drugs and ionizing radiation induced not only activation of the Apaf-system 31 but also de novo synthesis of Fas and Fas-L, and that their association caused apoptosis. 11, [18] [19] [20] [21] 24, 27 From these facts, the existence of an Apaf-independent pathway was inferred as another mechanism of 2CdA-induced apoptosis. We therefore sought to clarify whether 2CdA induced apoptosis through the Fas/Fas-L/caspase-8/caspase-3 pathway in MOLT-4 cells and if the protein synthesis was involved in this pathway.
Materials and methods

Chemicals
A modification of the method of Kazimierczuk et al 32 was used to synthesize 2CdA. The details of this modified method were described by Hirota et al. 15 Monoclonal antibodies for caspases-3 and-8 were purchased from Signal Transduction (Lexington, KY, USA) and Santa Cruz Biotechologies (Santa Cruz, CA, USA), respectively. Ac-DEVD-CHO, acetyl AspGlu-Val-Asp ␣-(4-methyl-coumaryl-7-amide) (Ac-DEVD-MCA), Ac-IETD-CHO, acetyl Ile-Glu-Thr-Asp ␣-(4-methylcoumaryl-7-amide) (Ac-IETD-MCA) and acetyl Thr-Val-AlaAsp aldehyde (Ac-YVAD-CHO) were from Peptide Institute Leukemia (Osaka, Japan). Phenylmethylsulfonyl fluoride (PMSF) was from Calbiochem (San Diego, CA, USA). The in situ cell death detection kit used for the TUNEL method was from Takara (Tokyo, Japan). FITC-conjugated anti-Fas monoclonal antibody was from MBL Co. Ltd (Nagoya, Japan), FITC-conjugated anti-rabbit IgG and anti-Fas ligand antibody were from Santa Cruz Biotechologies, FITC-Annexin V, dC, CHX and other reagents were from Wako Pure Chemical Co. (Osaka, Japan).
Cell culture and drug treatment
Human leukemia cell line MOLT-4 was obtained from RIKEN Cell Bank (Tsukuba, Japan) and was grown in RPMI 1640 medium (GIBCO/BRL, Grand Island, NY, USA) containing 10% fetal calf serum. For 2CdA treatment, cells were collected after washing with Ca 2+ -and Mg
2+
-free phosphate-buffered saline (PBS(−)), and incubated in normal medium containing 5 M 2CdA at 37°C in 5% CO 2 . To examine the effects of inhibitors (dC, CHX, Ac-DEVD-CHO and Ac-IETD-CHO) on the toxicity of 2CdA, each was added to medium containing 2CdA. After various incubation times, cells were collected by centrifugation at 193 g for 5 min followed by washing with ice-cold PBS(−). Then, the cells were subjected to further analysis of apoptosis and enzyme activity.
TdT assay
The TUNEL method combined with flow cytometry (EPICS 750 flow cytometer; Coulter, Hialeah, FL, USA) was used for the measurement of apoptosis. 33, 34 The quantitative analysis of 3Ј-OH ends was performed using the MDADS analysis program (Coulter).
DNA fragmentation assay
Cells (2.0 × 10 7 ) incubated with 2CdA with or without an inhibitor for 12 h were collected by centrifugation at 1000 r.p.m. for 5 min at 4°C. The pellet was washed with PBS(−). The DNA fragmentation assay was performed according to the method of Ramakrishnan and Catravas. 35 Briefly, lysis buffer (0.2% Triton X-100, 10 mM Tris-HCl (pH 7.5), 1 mM EDTA) was added to the cell pellet followed by centrifugation at 13 250 g for 30 min at 4°C. DNA was extracted from the supernatant by phenol: chloroform: isoamyl alcohol = 25:24:1 and analyzed by 2% agarose gel electrophoresis. DNA fragmentation in the gel was detected by staining with ethidium bromide.
FITC-Annexin V/PI-double staining
FITC-Annexin V/propidium iodide (PI)-double staining of PS and cellular DNA was performed as follows. 36 After washing with PBS(−), 5 × 10 5 cells were resuspended in binding buffer (10 mM HEPES/NaOH (pH 7.4), 140 mM NaCl, 2.5 mM CaCl 2 ). FITC-Annexin V was added to a final concentration of 1 g/ml. One-tenth volume of PI solution (10 g/ml in binding buffer) was added to a final concentration of 1 g PI/ml. The mixture was incubated for 10 min in the dark on ice. The flow cytometry of the mixture was carried out in a manner similar to that used for the TdT assay.
Fas and Fas-L expression
Expression of Fas and Fas-L was detected according to the method of Cuppen et al. 37 Briefly, the 2CdA-treated cells ( 
SDS-PAGE and Western blotting
At the indicated period of time after incubation with 2CdA, cells (2.0 × 10 6 ) were collected by centrifugation at 193 g for 5 min at 4°C. The pellet was washed with PBS (−) and resuspended in 100 l of Laemmli's sample buffer (62.5 mM TrisHCl (pH 6.8), 10% glycerol, 2% SDS, 5% ␤-mercaptoethanol, 0.003% bromophenol blue) and sonicated three times for 30 s at ice-cold temperature. Proteins in the solution were separated by SDS-PAGE after boiling for 3 min and transferred to a nitrocellulose membrane (ADVANTEC Toyo Ltd, Tokyo, Japan). The membrane was probed by the anti-caspase-3 antibody, anti-caspase-8 antibody, anti-Fas-antibody and anti-Fas-L-antibody in TBS (10 mM Tris-HCl (pH 7.4), 0.1 M NaCl) containing 5% low-fat skim milk. Caspase-3, caspase-8, Fas and Fas-L were detected by a method using HRP-conjugated antiIgG with a chemiluminescence detection kit (Boehringer Mannheim, Mannheim, Germany), respectively.
Fluorometric assay for the activation of caspase-8 and caspase-3
At 9 h after incubation with 2CdA, cells were collected. The cell lysates were prepared as described by Keane et al. 4 The cytosolic extracts (0.2 g of protein) were mixed with 1.0 ml of PBS(−) containing 100 M Ac-DEVD-MCA or Ac-IETD-MCA as a fluorogenic substrate at room temperature. Fluorescence arising from the substrate hydrolyzed by the activated caspase-8 or caspase-3 was continuously monitored by measuring the emission intensity at 460 nm with an excitation wavelength of 380 nm by spectrofluorometer (F-2000; Hitachi Ltd, Tokyo, Japan). The rates of hydrolysis of substrates were calculated from the linear portion of the fluorescence vs time. The protein concentration in the cell lysate was measured with a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA, USA) using BSA as a standard. Leukemia 2CdA. This meant that 2CdA induced a time-dependent increase of free 3Ј OH-termini of genomic DNA, indicating that the endonuclease induced DNA fragmentation characteristic of apoptosis. To examine whether the phosphorylation of 2CdA by dCK was essential for the induction of apoptosis, an inherent substrate of dCK, deoxycytidine (dC), was added to the medium containing 2CdA. The flow cytometric profile of cells co-incubated with dC and 2CdA for 9 h showed a pattern similar to that of the control (Figure 1e) . The quantitative analysis showed that dC effectively suppressed 2CdA-induced DNA fragmentation at 9 h (open circles in Figure 1f) . These results suggest that the phosphorylation of 2CdA is a necessary condition for the induction of apoptosis in 2CdA-treated MOLT-4 cells.
Results
2CdA-induced DNA fragmentation
The effects of a protein synthesis inhibitor, CHX, a caspase-3 inhibitor, Ac-DEVD-CHO and a caspase-8 inhibitor, Ac-IETD-CHO, on 2CdA-induced ladder-like DNA fragmentation were examined to clarify whether 2CdA-induced apoptosis in MOLT-4 cells was dependent on the protein synthesis and the caspase activation. Figure 2a and b shows the agarose gel electrophoretic patterns of DNA in 2CdA-treated cells in the presence of various inhibitors for 12 h. The ladder-like cleavage characteristic of apoptosis was clearly observed in 2CdA-treated MOLT-4 cells in the absence of inhibitors (lanes 3 in Figure 2a and b), whereas no DNA fragmentation was detected in the untreated control (lanes 2 in Figure 2a and b) . CHX, as well as dC, significantly attenuated the 2CdA-induced ladder-like DNA fragmentation (lanes 4 and 5 in Figure 2a) . Ac-IETD-CHO and Ac-DEVD-CHO also inhibited the production of DNA fragmentation (lanes 4 and 5 in Figure 2b ). The caspase-1 inhibitor Ac-YVAD-CHO had no effect on DNA fragmentation (data not shown). These results indicated that the phosphorylation of 2CdA, protein synthesis and activation of caspases-8 and -3, but not caspase-1, were required for 2CdA-induced apoptosis.
FITC-Annexin V/PI-double staining flow cytometry
As another feature of apoptosis, the translocation of phosphatidylserine (PS) from the inner side to the outer layer of the plasma membrane has been reported, and the PS expressed on the surface was recognized as a target for phagocytotic cells. 5, 38 Annexin V assay has been widely used for detecting the translocation of PS, which occurs before the loss of cell membrane integrity that allows the penetration of dye such as PI into cells. 36, 39 Thus, we employed the Annexin V/PI-double staining technique to assess 2CdA-induced apoptosis. In this method, the Annexin V-positive and PI-negative cell population (Annexin V (a and b) 2CdA-induced DNA fragmentation. Cells were incubated with the normal medium containing 5 M 2CdA for 9 h and DNA fragmentation was analyzed by agarose gel electrophoresis after genomic DNA was isolated. In the case of inhibitors, each inhibitor was added to the normal medium containing 5 M 2CdA and the cells were incubated for 9 h. The concentration of inhibitors was as follows; 50 M dC, 0.5 g/ml of CHX, 100 M Ac-DEVD-CHO (DEVD) and 100 M AC-IETD-CHO (IETD).
CHO (Figure 3d) , suggesting that the phosphate-form of 2CdA, and caspases-8 and -3 were associated with the translocation of PS.
2CdA-induced expression of Fas/Fas-L
Since various anticancer drugs were reported to induce the expression of Fas/Fas-L on the cell surface 26 and 2CdA-induced apoptosis required protein synthesis as described above, we tested whether 2CdA induced the expression of Fas and Fas-L in MOLT-4 cells and if the protein synthesis was involved in this expression. The flow cytometric profiles in Figure 4a and c demonstrate that the expression of Fas and 
2CdA-induced specific cleavage of procaspases-8 and -3
The recruitment of procaspase-8 to the cytoplasmic domain of Fas via the FADD adaptor results in autoprocessing/ activation of procaspase-8 following the proximity-induced processing model. The processing of procaspase-8 results in the production of two active fragments, p18 and p10. The active caspase-8 further cleaves procaspase-3 to its active fragments (p17 and p10). Figure 5a shows the production of the fragment (p18) of caspase-8 in the 2CdA-treated MOLT-4 cells. The fragmentation process of procaspase-8 started at 6 h because the partial fragment (25 kDa) of caspase-8 was observed at 6 h and the active fragment (p18) appeared at 9 h. It was also demonstrated that concomitant fragmentation of procaspase-3 occurred since the fragment (p17) was found to be produced at 9 h after 2CdA-treatment (Figure 5c ). Moreover, the formation of the fragments of procaspases-8 and -3 at 9 h after 2CdA treatment was inhibited by CHX (Figure 5b  and d) . However, the degree of the inhibition of p17 formation by CHX was less than that of the inhibition of p18 fragmentation. 
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Activities of fragments p18 and p17
To confirm that the fragments (p18 and p17) of procaspases-8 and -3, reflected the enzymatic activities of caspases-8 and -3, respectively, their activities were fluorometrically measured with Ac-IETD-MCA and Ac-DEVD-MCA as fluorogenic substrates for caspases-8 and -3, respectively. Activities of both fragments (Figure 6a and b) increased at 9 h after the 2CdA treatment. The increases were significantly attenuated by dC, Ac-DEVD-CHO, Ac-IETD-CHO and CHX, meaning that those fragments, p18 and p17, surely reflected the activities of caspases-8 and -3, respectively. From these results, it was concluded that the expression of Fas/Fas-L contributed to the activation of caspases-8 and -3 in 2CdA-treated MOLT-4 cells, although Fas/Fas-L/caspase-8-independent activation of caspase-3 might exist.
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Discussion
Recently, there has been a great effort to provide 2CdA to physicians for the treatment of leukemia. [6] [7] [8] [9] [10] In general, 2CdA is tolerated in indolent lymphoproliferative disease although a secondary malignancy requires additional follow-up evaluation. 2CdA is considered to be the best agent for the treatment of hairy cell leukemia. However, only limited research has been done on the possible mechanism of toxicity of 2CdA.
Carson et al 11 demonstrated that 2CdA-induced cell killing was preceded by the formation of DNA double-strand breaks and prevented by adding dC to the culture medium. DNA double-strand breaks were also shown to initiate the production of oligo nucleosomal DNA fragmentation. They suggested that the cytotoxicity of 2CdA was dependent on the
Figure 6
The effects of various inhibitors on 2CdA-induced activation of caspase-8 (a) and caspase-3 (b). Cells were treated with 5 M 2CdA for 9 h in the absence or presence of 50 M dC, 100 M Ac-DEVD-CHO (DEVD), 100 M Ac-IETD-CHO (IETD) and 0.5 g/ml of CHX. Caspase-8 and caspase-3 activities of cell lysates after 2CdA treatments were fluorometrically measured with Ac-IETD-MCA and Ac-DEVD-MCA as substrates for caspases-8 and -3, respectively. Preparation of cell lysates and measurements were performed according to the procedure described in the text. Columns and vertical bars represent mean ± s.e.m. (n = 3).
selective and progressive accumulation of its 5Ј-triphosphate metabolite (2CdATP) in lymphocytes having a higher dCK/5Ј-nucleotidase ratio than in other cell types. 19 More recently, they demonstrated that 2CdATP, similar to dATP, cooperated with Apaf-1, Apaf-2 (cytochrome c) and Apaf-3 (caspase-9) to activate caspase-3 in a cell-free system. 31 However, other anticancer drugs (fludarabine, doxorubicine, cisplatin, DNA topoisomerase II inhibitors) and ionizing radiation were reported to induce Fas-L expression that was responsible for the induction of apoptosis in leukemia cell lines 20, 21, 40, 41 and brain tumor cells. 25 The Fas-L induction by these chemotherapeutic agents and radiation was dependent on protein synthesis and activated caspases-8 and -3. The present experiments revealed that the protein synthesis inhibitor CHX considerably inhibited 2CdA-induced apoptosis in human leukemia cell line MOLT-4, as shown in Figures 2 and 3 . Therefore, in addition to the mechanism of cell toxicity through 2CdA-induced activation of the Apaf family, the activation of caspase-3 induced by Fas/Fas-L/caspase-8 was also considered to induce apoptosis in 2CdA-treated leukemia cell lines.
The present study clearly demonstrates that not only DNA fragmentation but also PS translocation characteristics of apoptosis are completely inhibited by dC. This strongly suggests that the phosphorylation of 2CdA is essential for its cytotoxicity. These 2CdA-induced apoptotic features were also attenuated by CHX and inhibitors of caspases-8 and -3. When we examined the expression of Fas/Fas-L in MOLT-4 cells treated for 9 h with 2CdA, an increase of protein synthesisdependent expression of Fas/Fas-L was observed (Figure 4) . Furthermore, the appearance of the active form of procaspase-8 and the concomitant increase of caspase-8 activity downstream of Fas/Fas-L were detected in 2CdA-treated cells (Figures 5a and 6a) . Inhibitory effects of CHX on the transformation of procaspase-8 to caspase-8 were also observed. These results indicated that the protein synthesis-dependent Fas/Fas-L system was responsible for the production of caspase-8 in 2CdA-induced apoptotic pathways.
In caspase-3 activation, two caspases, caspase-8 (FLICE) and caspase-9 (Apaf-3), are thought to be candidates to transform procaspase-3 to active fragment caspase-3 (p17 and p10). 27, 29, 30 In the present study, the 2CdA-induced formation of caspase-3 (p17) from procaspase-3 (p32) has been detected. However, the inhibition of this formation by CHX was incomplete (Figure 5d ), although CHX considerably abolished the expression of Fas/Fas-L (Figure 4 ) and the production of caspase-8 (p18) (Figure 5b ). These facts led us to speculate that the processing and activation of caspase-3 were regulated by the dual mechanisms of a Fas/Fas-L-dependent pathway (this study) and Apaf-dependent pathways. 10 Since the expression of Fas/Fas-L was regulated by protein synthesis in 2CdA-treated cells, the activation of transcription factors was examined. Kasibhatla et al 41 reported that the activation of two transcription factors, NF-kappa B and AP-1, was involved in Fas-L expression, which was induced in DNAdamaging agent-treated cells (etoposide, teniposide and UVrays). These stimuli also activated stress-activated protein kinase/c-Jun N-terminal kinase (SAPK/JNK), a regulator of the activation and expression of AP-1. Our previous work demonstrated that DNA double-strand breaks were observed in Chinese hamster V79 fibroblast cells within 3 h after challenge with 2CdA, 12 and that X irradiation and H 2 O 2 treatment, which induce DNA damage, activated SAPK/JNK and caspase-3, and induced caspase-3-dependent apoptosis. [42] [43] [44] Our preliminary experiments showed that SAPK/JNK was activated at 4 h in 2CdA-treated MOLT-4 cells (data not shown). From these facts, it is inferred that 2CdA, after phosphorylation by dCK, induces DNA double-strand breaks which initiate the activation of SAPK/JNK to regulate transcription factors such as AP-1, and then the cascade of Fas/Fas-L/caspase-8/caspase-3 begins with the protein synthesis.
In summary, the present experiments demonstrated that the Fas/Fas-L/caspase-8/caspase-3 pathway was partly involved in 2CdA-induced apoptosis of leukemia cell line MOLT-4 cells and that this pathway was dependent on protein synthesis and dCK activity. The relationship between 2CdA-induced initial DNA double-strand breaks and the activation of transcription factors is currently under investigation.
